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Abstract
The Battery-operated Independent Radiation Detector and Radiation
Area Monitors flown on-board the Exploration Flight Test 1 mission
provide a unique opportunity to compare vehicle modeling results with
both active and passive radiation measurements. The environment defi-
nitions and modeling efforts are described, and a comparison of passive
and active measurements is presented with respect to the modeling re-
sults.
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1 Introduction
The Exploration Flight Test 1 (EFT-1) mission provided a unique oppor-
tunity to investigate the interrelationship between the external radiation
environment beyond low Earth orbit (LEO) and radiation analysis mod-
eling and transport efforts currently underway for Multi-Purpose Crew
Vehicle (MPCV) missions. The data from both passive Radiation Area
Monitors (RAMs) and active Battery-operated Independent Radiation
Detector (BIRD) hardware flown inside the vehicle allows evaluation of
the model and related Computer-Aided Design (CAD) analysis with re-
spect to as-flown data. The comparison of model and analysis to RAM
and BIRD data provides insight and confidence in both existing analysis
tools and subsequent radiation analysis results utilizing these tools, both
of which are critical for astronaut radiation protection efforts aboard
crewed MPCV missions.
2 EFT-1 Mission Overview
The Orion MPCV was launched from the Kennedy Space Center (KSC)
atop a Delta IV Heavy rocket on December 5, 2014. The EFT-1 trajec-
tory (shown in Figure 1) included two orbits: one low altitude orbit, and
one highly eccentric orbit with an apogee of almost 6000 km. Although
the primary mission objectives were to test the thermal protection sys-
tem, hardware separation events, and the parachute system [1,2], Orion
MPCV passed through trapped electron regions and encountered intense
regions of the trapped proton belts as a result of this flight profile.
Figure 1. EFT-1 Mission Overview [2]
The use of the AP8 models [3] to quantify the trapped proton flux
along the mission trajectory allows both time resolved and mission in-
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tegral comparisons of modeled dose rates to data. Modeled mission in-
tegrated doses can be compared to passive detector measurements, and
time-resolved dose rate models can be evaluated against active detector
measurements.
3 Radiation Shielding Analysis
3.1 CAD Model Analysis
The Orion MPCV CAD models, provided by Lockheed Martin to the
Space Radiation Analysis Group (SRAG) at NASA Johnson Space Cen-
ter, were initially reviewed to verify proper mass assignment, and then
interrogated using ray-tracing techniques to produce a set of entry and
exit model coordinates for each part along each ray. Correlating this
information with part information from the model defines the shielding
mass distribution around the point of interest.
Shield distributions were generated for ten points within the MPCV,
coinciding with six RAMs placed in the cabin, two RAMs in the BIRD
assembly, and two active BIRD sensors. Figure 3 shows the location of
the six RAMs and Figure 4 shows BIRD RAM and sensor locations with
respect to the hardware mounting point.
3.2 Environment Definition
The model analysis uses an environment defined using the AP9 Graphical
User Interface to create an AP8 model environment [3,5] corresponding
to the EFT-1 mission trajectory during solar maximum. This generates
an output file listing the time-integrated trapped proton flux spectrum
at each minute along the EFT-1 trajectory. The differential flux used in
the dose rate profile calculations was determined for each minute in the
trajectory by taking the difference of the integral flux spectra between
the ith minute and the (i− 1)th minute.
The RAMs are passive detectors that provide no time resolution;
therefore, the model comparisons utilize the total mission integral fluence
for mission dose calculations. The BIRD instrument, however, is an
active detector and the standard BIRD data analysis provides minute
resolved dose rates which can be compared with the AP8 differential
flux based dose calculations [4].
Because the energy binning in the AP8 model does not match the
binning necessary for the HZETRN2010 radiation transport code input
[3,6,7], the AP8 fluence values were used to interpolate the proton fluence
values on the energy grid required by HZETRN. The HZETRN energy
grid required values beyond those provided by AP8 models, and the
necessary HZETRN points were extrapolated from AP8 values. Figure
2 shows the original spectrum generated from the AP8 model and the
interpolated spectrum used in the calculations, along with the location
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Figure 2. AP8 Spectrum and corresponding fitted spectrum for use with
HZETRN for the integral fluence cases. The vertical line shows the
point above which extrapolation from the projected AP8 curve became
necessary in order to retain the decay in the high energy tail of the
spectrum.
of the split between interpolation and extrapolation. Comparison of the
original and fit curves shows very good agreement, and similar fits were
performed on the differential spectra for the per-minute calculations.
3.3 Transport and Dose Calculation
HZETRN2010 was used for the particle transport and dose response
functions (dose in water), with additional post-processing to incorporate
vehicle shielding. For the passive comparisons, environment values were
defined using AP8 model integral fluence along the EFT-1 trajectory.
The dose for a given ray is found by interpolating on the HZETRN2010
depth-dose tables for each thickness of aluminum and polyethylene equiv-
alent thicknesses along that ray.
The integrated mission dose for a specified point is calculated by
summing the ray doses and normalizing the result to the total number
of rays. This approach assumes that all ray doses are weighted equally
with respect to solid angle when combining the individual ray results
into a total dose.
Time-resolved dose rates are calculated using the differential spectra
for each sixty-second step in the EFT-1 trajectory. The same method-
ology was used as in the integral case, again utilizing HZETRN2010
and post-processing codes to generate dose values at each step. In the
time-resolved case, however, AP8 differential fluences are available for
each minute in the trajectory, and the resultant dose is, by virtue of the
methodology used, the dose per minute for that portion of the EFT-1
mission.
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Figure 3. RAM locations with select vehicle components for reference.
4 Radiation Area Monitors
4.1 Overview
RAMs are passive radiation detectors that have been used extensively
by NASA to monitor the radiation environment inside the International
Space Station (ISS) [8, 9] and the Space Shuttle [10]. Measurements
have also been taken outside the ISS as part of the Matroshka phantom
through international collaboration with the German Aerospace Center,
DLR [11].
During the Orion MPCV flight, six RAM units were distributed in-
side the vehicle to provide measurements for different shielding distribu-
tions within the habitable volume of the vehicle (Figure 3), with another
two RAM units for comparison to the BIRD measurements. In addition,
three RAM Control units were provided to account for the background
radiation during shipping and transportation to and from the MPCV
launch and landing sites.
4.2 Detector Description
RAMs consist of a suite of thermoluminescence (TL) and optically stim-
ulated luminescence (OSL) dosimeters co-located inside the RAM to
provide an accurate description of the radiation environment in terms of
total mission dose. The general operating principle for the TL/OSL pro-
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Table 1. Total measured dose for RAMs aboard Orion MPCV during
EFT-1 on December 5, 2014
RAM Label Total Mission Dose [mGy]
Average Dose Rate
[mGy/day]
RAM 1 17.59 ± 0.36 93.80 ± 1.95
RAM 2 16.63 ± 0.31 88.69 ± 1.64
RAM 3 15.17 ± 0.32 80.90 ± 1.73
RAM 4 12.45 ± 0.35 66.40 ± 1.85
RAM 5 15.26 ± 0.34 81.38 ± 1.81
RAM 6 21.87 ± 0.47 116.63 ± 2.49
cesses involves emission of light (i.e., photon counts) after an external
stimulation (i.e., by heat or light) of a previously irradiated dosime-
ter [12, 13]. The integral of the luminescence signal coming from the
TL/OSL dosimeters over the stimulated period is proportional to inci-
dent radiation absorbed dose, thus allowing the TL/OSL detectors to be
successfully used for radiation dosimetry measurements. For the EFT-1
flight, the following TL and OSL dosimeters have been used inside the
RAM Flight and Control units: LiF: Mg,Ti (TLD-100); 6LiF: Mg,Ti
(TLD-600); 7LiF: Mg,Ti (TLD-700); CaF2:Tm (TLD-300) and Al2O3:C
(Luxel).
4.3 Locations
The six RAM units were distributed within the vehicle as shown in figure
3, with an additional two RAM units installed in the BIRD instrument
housing. Figure 3 shows both the RAM orientation and RAM placement
within the overall envelope of the MPCV for the six RAMs not associated
with the BIRD instrument.
4.4 Results
The eight RAM flight units and the three RAM Control units were pro-
cessed post-flight in the Space Radiation Dosimetry Laboratory (SRDL)
at the Johnson Space Center. The TL and OSL measurements were per-
formed using two automated Harshaw 5500 TL and Ris TL/OSL DA-
15C/D readers and followed particular heating temperature and light
stimulation profiles [8]. The TL/OSL dosimeters have been calibrated
using a 137Cs gamma source and the reported quantity is the gamma
dose to water, DRAMH2O :
DRAMH2O = D137CsSRAM/S137Cs (1)
where SRAM is the luminescence signal after the EFT-1 flight, and
the S137Cs is the luminescence signal after a
137Cs gamma irradiation of
dose D137Cs. The final dose for each of the eight flight RAMs has been
calculated by subtracting the DRAMControl from the D
RAM
H2O
:
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DRAMEFT−1 = D
RAM
H2O −DRAMControl (2)
where the DRAMControl represents the background dose during ground
shipping and transportation.
The RAM measured doses in Table 1 represent the average for the
individual TL/OSL dosimeters corresponding to each of the six RAM
flight units together with the standard error of the mean. RAMs installed
in the BIRD housing will be discussed in the next section.
5 Battery-operated Independent Radiation
Detector
5.1 Detector Description
The BIRD instrument consists of two independent detector units en-
closed in a single housing and hard-mounted within the MPCV habitable
volume. Each detector unit utilizes a Timepix pixel detector application-
specific integrated circuit (ASIC) [14] with a silicon sensor for detecting
ionizing radiation in space. In addition, each unit contains a separate
data storage device and is powered by an independent set of batteries. [4]
Figure 4. BIRD hardware model showing the two independent BIRD
units in the device housing, as well as the BIRD RAM mounting loca-
tions, as installed in the MPCV.
The data recorded by the Timepix-based BIRD hardware consists
of the standard Timepix output comprised of a time ordered series of
frames containing pixel data acquired while the detector is active for a
specified length of time. With the appropriate calibration, the Timepix
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is capable of providing energy collected per pixel within a variable time
window [14].
The BIRD flight software contains a feedback loop to control the
acquisition time window. The feedback loop is designed to minimize the
probability of overlapping tracks in a single data frame while optimizing
the memory required to store the data frames. This results in a varying
acquisition time, and the acquisition time was set to range between one-
tenth of a second and ten seconds for the BIRD hardware.
The time-resolved BIRD data can be used to reconstruct information
from individual ion tracks, calculate dose rates throughout a mission,
or investigate radiation environment characteristics such as particle an-
gular distribution during a mission. The instrument measures energy
collected in silicon, but can provide dose in water using a per-track,
energy-dependent conversion. [4, 15–17]
5.2 Hardware Mounting and Co-located RAMs
The BIRD was mounted on a pallet beam within the MPCV using a
bracket that incorporated electrical grounding, and the BIRD assembly
contains locations to mount RAMs on each side of the primary enclo-
sure. The two BIRD RAMs are mounted in depressions in the primary
baseplate of the BIRD housing with aluminum covers to keep the RAMs
secure during flight.
The two independent BIRD sub-units, as well as the two BIRD
RAMs, are differentiated using the terms ”Left” and ”Right”. This
nomenclature is relative to the hardware orientation as viewed in Figure
4.
5.3 BIRD Results
The BIRD radiation and engineering data have been presented in a pre-
vious NASA Technical Publication [4], but the primary elements are
included here as well.
5.3.1 Occupancy and Dose Rates
Pixel occupancy is the percentage of non-zero pixels within a given data
frame. Pre-flight calculations indicated that the acquisition time win-
dow would range between one-tenth of a second to ten seconds, while
maintaining a pixel occupancy per frame of five percent or less. Limit-
ing pixel occupancy to five percent has previously been found to provide
well separated particle tracks adequate for data analysis. [16, 17]
Unfortunately, a segment of the EFT-1 trajectory experienced higher-
than-predicted particle fluxes, resulting in a subset of the data where
track-by-track analysis is not currently possible [4] . While algorithms for
track separation in high-occupancy frames are in work, such algorithms
are not currently implemented in the BIRD data analysis. The excess
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Figure 5. Pixel occupancy in the BIRD data (left unit) reached a maxi-
mum above approximately eighteen percent during the second traversal
through the trapped proton belt [4]
Figure 6. Pixel occupancy in the BIRD data (right unit) reached a max-
imum slightly below approximately eighteen percent during the second
traversal through the trapped proton belt [4]
in occupancy does not affect dose in silicon calculations, but due to the
inability to separate tracks, attention must be paid to the interpretation
of the results when converting to dose in water for such occupancies.
Figures 5 and 6 show the occupancies and frame rates for data ac-
quisition of the BIRD left and right detectors [4]. The higher occupancy
during the second traversal of the trapped proton belt can be seen, with
the related plateau in frame rate resulting from the frame-rate algorithm
reaching the minimum time bound on the acquisition time range. In the
frame-rate plateau regions, the error in the conversion from dose in sili-
con to dose in water will increase as a result of the effect of track overlaps
on angle estimation algorithm performance.
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Table 2. Comparison of RAM data and model-based dose calculations
for the RAM locations.
RAM Label
RAM Total Mission Dose AP8 Mission Dose
[mGy] [mGy]
RAM 1 17.6 ± 0.4 14.3
RAM 2 16.6 ± 0.3 12.3
RAM 3 15.2 ± 0.3 11.2
RAM 4 12.5 ± 0.4 9.0
RAM 5 15.3 ± 0.3 14.2
RAM 6 21.9 ± 0.5 20.8
BIRD Left RAM 15.1 ± 0.3 13.7
BIRD Right RAM 13.5 ± 0.2 12.3
Table 3. Comparison of BIRD data and model-based dose calculations
at the BIRD detector locations integrated over the full mission.
BIRD Unit
BIRD Mission Dose AP8 Mission Dose
[mGy] [mGy]
BIRD Left 17.9 13.9
BIRD Right 15.7 14.7
6 Results and Discussion
6.1 Total Mission Dose
Table 2 and Figure 7 show the AP8 dose calculations are systematically
less than the RAM measured mission doses and remain within thirty
percent of the RAM mission doses. The systematic underestimation is
expected since the dose calculations are based on trapped proton models
only.
Table 3 compares the integral mission doses as measured by the in-
dividual BIRD subunits and the integral of the calculated proton dose
rates (see Figures 8 and 10). The modeled doses fall below the mea-
sured BIRD doses and are consistent with RAM mission doses in Table
2. Further examination of the modeled dose rates in the peak dose rate
regions in Figures 9 and 11 reveals that the model under-predicts the
dose rates for the left BIRD unit but over-predicts the dose rates for the
right BIRD unit.
These results show relatively good agreement in light of the fact
that the calculations currently ignore trapped electrons, Galactic Cosmic
Rays (GCRs), and geomagnetic impacts on the modeled fluxes. There
are also several confounding factors introduced during the vehicle anal-
ysis process. Primary among these factors are that the vehicle ray-trace
analysis simplifies materials into polyethylene and aluminum equivalent
thicknesses. In addition, the modeled proton fluences are generated by
statically defined models that do not take into account the dynamics in
the magnetic field as a result of solar activity.
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Figure 7. Comparison of the modeled doses and RAM measurement
data shows the systematic under-prediction resulting from the use of
only trapped proton models in calculating doses.
6.2 Mission Dose Rate Profile
Dose rates for the EFT-1 mission as measured by the BIRD are compared
with model calculations in Figures 8, 9, 10, and 11. The transit through
higher flux regions in the Van Allen Belts are visible as the two peaks in
the data. These peaks correlate well with the model-based calculations in
terms of timing. The semi-log scale makes the sinusoidal GCR variation
visible for the LEO portion of the trajectory.
The LEO GCR component can be seen prior to 14:00 Universal Time
Coordinated in the data in the logarithmic plots, and while this is not
currently included in the modeled dose rates, it is consistent with previ-
ously measured dose rates in LEO [16].
Modeled dose rates show good agreement to data considering the
model limitations. The magnitude of the modeled dose rates near the
peaks of the trapped proton regions differ from the averaged data by
approximately five to ten percent, though the modeled dose rates still
fall within the range of the per-frame data.
The dose rates between the two peaks are elevated relative to the
LEO portion of the trajectory, and the results from the trapped proton
model show some non-zero component to dose in this region as well.
Whether the differences in this region are due to trapped proton model
issues, the lack of trapped electrons, or a result of increased GCR access
at those locations in the orbit has yet to be determined.
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Figure 8. Left BIRD unit per-minute and per-frame dose rates as com-
pared to per-minute model calculations. Semi-log scale exhibits the low-
level GCR variation in the orbit segments and shows the behavior of the
modeled trapped proton dose rates.
Figure 9. Left BIRD unit per-minute and per-frame dose rates as com-
pared to per-minute model calculations. Linear scale provides for better
comparison of peak dose rate magnitudes.
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Figure 10. Right BIRD unit per-minute and per-frame dose rates as
compared to per-minute model calculations. Semi-log scale exhibits the
low-level GCR variation in the orbit segments and shows the behavior
of the modeled trapped proton dose rates.
Figure 11. Right BIRD unit per-minute and per-frame dose rates as
compared to per-minute model calculations. Linear scale provides for
better comparison of peak dose rate magnitudes.
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6.3 Conclusion
Overall, both integral and time-dependent model calculations compare
well with the BIRD data. While the data and calculated values differ by
up to thirty percent for passive measurements, this is not unreasonable
based on the limitations and uncertainties inherent in the environmental
models used, the omission of the electron and GCR sources in the cal-
culated values, and the approximations of the geometry and radiation
transport. Additional work is planned to incorporate trapped electron
and GCR components into the model- based analysis.
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